We investigate the interaction between the magnetized stellar wind plasma and the partially ionized hydrodynamic hydrogen outflow from the escaping upper atmosphere of non-or weakly magnetized hot Jupiters. We use the well-studied hot Jupiter HD 209458b as an example for similar exoplanets, assuming a negligible intrinsic magnetic moment. For this planet, the stellar wind plasma interaction forms an obstacle in the planet's upper atmosphere, in which the position of the magnetopause is determined by the condition of pressure balance between the stellar wind and the expanded atmosphere, heated by the stellar extreme ultraviolet (EUV) radiation. We show that the neutral atmospheric atoms penetrate into the region dominated by the stellar wind, where they are ionized by photo-ionization and charge exchange, and then mixed with the stellar wind flow. Using a 3D magnetohydrodynamic (MHD) model, we show that an induced magnetic field forms in front of the planetary obstacle, which appears to be much stronger compared to those produced by the solar wind interaction with Venus and Mars. Depending on the stellar wind parameters, because of the induced magnetic field, the planetary obstacle can move up to ≈0.5-1 planetary radii closer to the planet. Finally, we discuss how estimations of the intrinsic magnetic moment of hot Jupiters can be inferred by coupling hydrodynamic upper planetary atmosphere and MHD stellar wind interaction models together with UV observations. In particular, we find that HD 209458b should likely have an intrinsic magnetic moment of 10-20% that of Jupiter.
INTRODUCTION
As shown by several studies, the upper atmosphere of hydrogen-dominated exoplanets can develop hydrodynamic outflow conditions if the planet orbits close to the host star and is exposed to sufficiently large extreme ultraviolet (EUV) fluxes (Yelle 2004; Tian et al. 2005; Garcia Munoz 2007; Penz et al. 2008; Murray-Clay et al. 2009; Guo 2011; Koskinen et al. 2010 Koskinen et al. , 2013a Lavvas et al. 2014; Shaikhislamov et al. 2014; Khodachenko et al. 2015; Chadney et al. 2015 Chadney et al. , 2016 Salz et al. 2016; Erkaev et al. 2016) . These studies neglected the interaction of the planetary atmosphere with the stellar wind, though in reality the escaping atmospheric particles penetrate into the stellar wind and may exert a strong influence on the wind plasma flow in the vicinity of the planet. None of these studies included also the magnetized stellar wind plasma flow that may interact with the upper atmosphere if the planet has no, or only a weak, intrinsic magnetic moment. The main effect of an intrinsic planetary magnetic field on atmospheric escape is to suppress the outflow and to make it highly anisotropic (Adams 2011; Trammell et al. 2011 Trammell et al. , 2014 Owen & Adams 2014; Khodachenko et al. 2015) . However, several studies addressed the interaction between a closein planet with the host star's wind, but some of them neglected magnetic fields and all just considered a purely hydrodynamic interaction (Stone & Proga 2009; Bisikalo et al. 2013; Tremblin & Chiang 2013; Christie et al. 2016 ). Other studies, instead, applied MHD models (Cohen et al. 2011; Matsakos et al. 2015; Tilley et al. 2016 ), but employing mostly simplified descriptions of the planetary wind.
Recently, Shaikhislamov et al. (2016) used a multi-fluid code to study the interaction of a non-magnetized hot Jupiter with the stellar wind, taking into account heating by the stellar extreme ultraviolet (XUV) flux and hydrogen photochemistry to self-consistently model the planetary outflow. However, they did not include the interplanetary magnetic field (IMF) and its effect on the formation of the planetary obstacle, which is the topic of the present study.
Sophisticated MHD simulations have been applied by Cohen et al. (2014) to study the magnetospheric structure of habitable zone planets for different conditions of the stellar wind. Using a multi-species MHD model, Cohen et al. (2015) investigated the stellar wind interaction with a Venus-like demagnetized planet. In addition, a multi-species MHD model, developed previously for Venus, was adapted by Dong et al. (2017) for the calculation of the ion escape process from Proxima Centauri b.
There are many physical processes, thermal and nonthermal, which are responsible for the escape of heavy ions and neutral particles and the importance of accounting for non-thermal escape processes for the solar system planets, and Earth in particular, has been shown for example by Welling & Liemohn (2016) . However, the ion escape caused by the interaction with the stellar wind (Kislyakova et al. 2013 (Kislyakova et al. , 2014a Erkaev et al. 2016 ) and the loss of photochemically produced suprathermal hydrogen atoms (Shematovich 2010 ) from a non-or weakly magnetized HD 209458b-like hot Jupiter are about an order of magnitude smaller than the thermal escape caused by the absorption of the highenergy stellar flux. Kislyakova et al. (2014b, hereafter KIS14) employed an upper atmosphere-stellar wind interaction particle code that includes acceleration by the stellar radiation pressure, natural and Doppler spectral line broadening, and charge exchange with the stellar wind to reproduce the Hubble Space Telescope (HST) Ly-α transit observations of HD 209458b (Vidal-Madjar et al. 2003; Ben-Jaffel 2007) . The best fit to the observed Ly-α absorption was obtained for a planetary magnetic field smaller than 0.4 G. The results of KIS14 do not support a magnetic moment much larger than about 10% of Jupiter's, in agreement with previous studies related to the non-detection of exoplanetary radio emission from hot Jupiters, which suggested that because of tidal locking, hot Jupiters may have weak magnetic moments (Grießmeier et al. , 2007 Weber et al. 2017) . As shown by Khodachenko et al. (2015) , such weak intrinsic magnetic fields do not significantly influence the atmospheric outflow.
Following the indirect evidence that HD 209458b may have a weak intrinsic magnetic field, we investigate the build-up of a planetary obstacle produced by the interaction of the partially ionized planetary wind with the plasma flow of a magnetized stellar wind. In Sect. 2, we describe the input parameters and the adopted modeling scheme. In Sect. 3, we present our results and discuss the influence of the assumed stellar wind plasma parameters on the obstacle formation and the possible implications for UV observations. Finally, we gather our conclusions in Sect. 4.
MODEL DESCRIPTION

3D MHD Flow Model
We use a 3D MHD flow model, based on the scheme of Farrugia et al. (2008 Farrugia et al. ( , 2009 , to compute the plasma flow around a non-magnetized HD 209458b-like planet and to calculate the steady-state plasma parameters and magnetic field in the environment surrounding the planet, considering different stellar wind conditions. This model allows us to calculate the induced electric currents due to the ionization and charge-exchange processes acting on the hydrodynamically expanding upper planetary atmosphere. Such currents produce an induced magnetic field, which can strongly affect the location of the boundary of the planetary obstacle.
The model solves the following equations
where ρ, V, P , and B are the mass density, velocity, plasma pressure, and magnetic field of the stellar wind, respectively. The parameter γ is the polytropic index (assumed to be equal to 5/3), while V h and T h are the velocity and temperature of the escaping atmospheric neutral hydrogen atoms. The mass conservation equation includes an interaction source term, which is related to photoionization Qi = αiN hn mp
and charge exchange ionization
of the hydrogen atoms. Here, N hn is the number density of the neutral planetary hydrogen atoms, mp the particle mass, σex (∼10 −15 cm 2 ) the charge exchange cross section, < V rel > the average relative speed of the stellar wind and atmospheric particles, and α is the ionization rate proportional to the EUV flux α = 5.9×10 −8 IEUV s −1 . We apply a Godunov-type finite difference method for the numerical calculations of the non-stationary MHD flow around the planetary obstacle, which can briefly be described by rewriting the system of equations in a compact vector form as
where the vector quantity U consists of the mass, momentum, energy densities, and magnetic field components. The quantities Γ, Ψ, and Φ denote instead the corresponding fluxes in the radial, meridional, and azimuthal directions, respectively, and the vector G consists of the corresponding source terms. We employ a finite difference approximation of the MHD equations, which is based on a conservative Godunovtype scheme,
where the quantities with half-integer numbers correspond to intermediate time steps. These quantities are determined on the basis of the approximate Riemann solver. A small region around the polar axis (θ = 0) is treated separately in a local Cartesian coordinate system in order to avoid singularities. The condition ∇ · B = 0 is maintained employing the method proposed by Powell (1994) and Powell et al. (1999) , with the modifications of Janhunen (2000). The stellar wind flow is loaded by newly born planetary ions generated by charge exchange with the exoplanet's neutral exosphere. The mass loading process results in a strong deceleration of the stellar wind plasma and in an enhancement of the magnetic field in front of the obstacle, which corresponds to the formation of an induced magnetosphere. We approximate the streamlined obstacle by a semi-sphere. The distance between the planet and the stagnation point of the stellar wind (Rs) is determined by the pressure balance condition. This means that the total pressure of the external magnetized stellar wind flow at the stagnation point has to be equal to the sum of the thermal and dynamic pressures of the internal atmospheric flow.
We note that we shift the planetary center by some distance d towards the star. We do this to avoid the violation of the pressure balance at the flanks, where the stellar wind pressure at the obstacle boundary decreases substantially. We assume a d/Rs distance ratio of 0.3. The calculation domain for the MHD stellar wind flow is bound by the external semi-sphere related to the undisturbed stellar wind region and the internal semi-sphere corresponding to the streamlined obstacle. At the outer boundary, we set the undisturbed stellar wind parameters: density, velocity, temperature, and magnetic field. At the obstacle boundary, we set zero conditions for the normal components of the stellar wind velocity and magnetic field. We obtain a steadystate solution as a result of time relaxation of the nonsteady MHD solution. As initial conditions, we apply the undisturbed stellar wind parameters in the computational domain.
Hydrodynamic Upper Atmosphere Model
To study the EUV heating and expansion and to infer the mass-loss rates of the hydrogen-dominated upper atmosphere of the planet, we apply a time-dependent 1D hydrodynamic model described in detail by Erkaev et al. (2016) . The model solves the absorption of the stellar EUV flux by the thermosphere, the hydrodynamic equations for mass, momentum, and energy conservation, and the continuity equations for neutrals and ions (both atoms and molecules). The code also accounts for dissociation, ionization, recombination, and Ly-α cooling. The quasi-neutrality condition determines the electron density.
The model does not self-consistently calculate the ratio of the net local heating rate to the rate of the stellar radiative energy absorption. In general, this ratio, also called heating efficiency, is not constant with altitude. Studies solving the kinetic Boltzmann equation applying a direct-simulation Monte Carlo model to calculate the heating efficiency indicate values between 10 and 20% (Shematovich et al. 2014) . We therefore adopt a heating efficiency of 15%, which is in good agreement with what obtained by Owen & Jackson (2012) , Shematovich et al. (2014) , and Salz et al. (2016) .
As in Murray-Clay et al. (2009), we assume a single wavelength for all EUV photons (hν = 20 eV) and use an average EUV photoabsorption cross section for hydrogen atoms and molecules of 2×10 −18 cm 2 and 1.2×10 −18 cm 2 , respectively, which are in agreement with experimental data and theoretical calculations (e.g. Cook & Metzger 1964) .
In the framework of our spherically symmetric hydrodynamic model for the planetary atmosphere, we can describe only radial variations of the atmospheric density, pressure, velocity, and temperature. Since we are not capable to describe angular variations of the atmospheric parameters (which requires a 2D model), we can fulfill the pressure balance condition just at the central stagnation point, where the stellar wind velocity goes to zero. By applying this condition, we determine the radial distance between the stagnation point and the planetary center. In particular, we use the profiles for the atmospheric parameters and find the point where the sum of atmospheric thermal and dynamic pressures is equal to the stellar wind total pressure. The latter is the sum of the magnetic and plasma pressures, which depend on the stellar wind upstream input parameters.
Planetary and Stellar Input Parameters
For the stellar and planetary system parameters (i.e., planetary mass Mp, planetary radius Rp, equilibrium temperature Teq, orbital separation a, stellar mass Mstar, and stellar radius Rstar) we adopt the values of HD 209458 and HD 209458b from Southworth (2010) . Following the results of Lammer et al. (2016) , Cubillos et al. (2017) , and Fossati et al. (2017) , we fix the lower boundary for the hydrodynamic model of the planetary upper atmosphere at the optical transit radius. Here, we assume that the pressure (P0) is equal to 100 mbar and the temperature is equal to the equilibrium temperature (Teq). For the stellar EUV flux at the planet's orbit (IEUV), we adopt the value given by Guo & Ben-Jaffel (2016) .
In this work we consider both a slow and a fast stellar wind. The host star HD 209458 is similar to the Sun, both in terms of mass and age. Since observations cannot directly constrain the stellar wind parameters, we consider two sets of parameters obtained from the solar wind models presented by Johnstone et al. (2015) , plus those inferred by KIS14 derived from fitting the HST Ly-α transit observations. For the latter scenario, we study cases with and without a stellar magnetic field. The stellar magnetic field value was estimated by rescaling the solar interplanetary Note. The parameters Mp and Rp are the planetary mass and radius, respectively, while Mstar and Rstar are those of the host star, and a is the orbital semi-major axis.
magnetic field at the Earth's orbit. The full set of adopted input parameters is given in Table 1 .
RESULTS AND DISCUSSION
Assuming that HD 209458b has a negligible intrinsic magnetic field, and by considering the input parameters given in Table 1 , we employ our 1D and 3D models to obtain the induced magnetic field strength and the stellar wind plasma parameters of the flow around HD 209458b's planetary obstacle. Figure 1 shows the spatial distribution of the magnetic field strength obtained from the numerical MHD model employing the Case 1 stellar wind parameters (slow wind). Here, the magnetic field is given in units of the stellar wind magnetic field, Bw, which is equal to 0.014 G. The origin of the coordinate system is at planet center and the star is located along the X-axis, while the Z-axis is directed along the direction of Bw (the arrow in Fig. 1 ), which is assumed to be perpendicular to the undisturbed wind velocity (in the reference frame of the planet). The white area close to the origin of the Z-axis indicates a region filled just by atmospheric particles, while the dark blue semi-circle indicates the planetary surface. The magnetic field has strong pile up in front of the stagnation point. In this region of strong induced magnetic field the magnetic pressure exceeds the local thermal gas pressure of the stellar wind loaded by the outflowing atmospheric atoms. To estimate the influence of the IMF rotation angle, we consider in Case 3 an inclination angle of θB = 45
• between the IMF and plasma velocity directions in the undisturbed stellar wind. The calculated distribution of the magnetic field intensity is shown in Fig. 2 . One can see that the inclination angle of the magnetic field leads to an asymmetry of the flow structure and of the magnetopause position with respect to the planet. The maximum of the total pressure is also shifted away from the X-axis. By solving the non-steady MHD equations, a stationary flow pattern is formed after some relaxation period. Initially, we assume that the uniform stellar wind flow is suddenly stopped at the planetary obstacle. This results in the appearance of a shock-like front close to the obstacle and which propagates outwards from it. Since we have a sub-Alfvenic stellar wind flow, this shock propagates far away towards the star. The time dependent propagation of the shock is indicated in Fig. 3 , which shows the behaviour of the total pressure along the line connecting the planetary center and the stagnation point (hereafter stagnation line) at different calculation times. We reach a stationary profile after a time corresponding to about 4×Rp/Vw. Figure 4 shows the magnetic field strength, the total stellar wind pressure (sum of magnetic and thermal pressures), and the thermal stellar wind pressure as a function of the radial distance along the stagnation line for the stellar wind parameters of Case 1 (solid line) and Case 2 (dashed line). The magnetic field is given in units of IMF in the undisturbed stellar wind. The magnetic field and total pressure experience a substantial enhancement along the stagnation line from the star towards the planet and reaches its maximum at the stagnation point. The magnetic field at the stagnation point is increased by a factor of 2 compared to the interplanetary value. The thermal pressure has instead an opposite behavior compared to the total pressure as it decreases to small values at the stagnation point. Figure 5 shows the velocity and density of the stellar wind plasma as a function of radial distance along the stagnation line. The total ion number density further increases and has a pronounced maximum of about 4×10 4 cm −3 at the stagnation point. This is due to the loading of the stellar wind plasma by newly ionized particles penetrating into the flow from the planet's upper atmosphere. The strong deceleration of the stellar wind plasma near the stagnation point is caused by the appearance of the newly ionized slow particles from the upper planetary atmosphere, which are created via charge exchange and immediately mixed into the plasma flow environment. Figure 6 shows HD 209458b's radial profiles of the upper atmosphere's hydrodynamic parameters. The top panel shows the radial profiles of the planetary upper atmospheric number densities of molecular hydrogen, total atomic hydrogen (neutrals and ions), and electrons. The middle panel shows the temperature and velocity of the escaping atmospheric particles as a function of the radial distance. The bottom panel presents the sum of the dynamic and thermal pressures (Π) in the atmospheric hydrodynamic flow as a function of the radial distance. The diamonds and vertical dotted lines indicate pressure balance distances between the stellar wind plasma and the planetary outflow, corresponding to the stellar wind parameters of cases 1 to 5 (Table 1) . One can see, that in cases 1 (slow wind) and 2 (fast wind) with θB = 90
• the pressure balance distances are rather close to each other. Comparing the slow wind cases, Case 1 (with IMF and θB = 90
• ) with Case 3 (with IMF and θB = 45 • ), one can conclude that the angular difference of 90
• → 45
• increases the obstacle distance from about 1.6 Rp to 1.7 Rp.
The pressure balance for the slow wind (Case 1) is reached at the distance of about 1.6 Rp. At this point the hydrogen number density N h (neutrals and ions) is equal to 1.0×10 7 cm −3 . In case of an inclined magnetic field (Case 3; θB = 45
• ), the minimal stand-off distance increases slightly to 1.7 Rp.
The pressure balance for the fast wind (Case 2) corresponds to a smaller distance of about 1.53 Rp, where the hydrogen number density is about 1.3×10 7 cm −3 . In Case 4, the pressure balance distance is located at about 1.9 Rp with a total hydrogen number density of about 4.5×10 6 cm −3 . In Case 5, the pressure balance occurs at about 1.47 Rp, where the hydrogen number density is about 1.6×10 7 cm −3 . The pressure balance distances are much closer to the planet than those estimated in previous studies ( 5 Rp, i.e. outside the Roche lobe; e.g. Khodachenko et al. (2015) ; Shaikhislamov et al. (2016) ), which neglect the induced magnetic field.
In addition to the pressure balance, we consider also the penetration of the neutral atmospheric particles into the stellar wind. For these particles, we take into account radiative ionization and charge exchange processes. The newly born ions are captured by the IMF and move away together with the magnetized stellar wind flow. From our simulations, we estimate that about 7.5 × 10 9 g s −1 H atoms are ionized and removed by the stellar wind flow. The corresponding loss of neutral H atoms is about 3.5 × 10 10 g s −1 , which is in agreement with studies by Murray-Clay et al. (2009); Khodachenko et al. (2015) ; Shaikhislamov et al. (2016) . Although the H + loss rates are about 4.6 times lower than the thermal escape of neutral H atoms, one should still consider that the H + loss rate is about twice higher than that of suprathermal H atoms, which is about 3.5 × 10 9 g s −1 (Shematovich 2010) . We remark that for all five stellar wind cases considered in our study we obtained obstacle boundaries closer to the planet than that yielding the best-fit to the Ly-α transit observations (2.9 Rp; KIS14). By comparing the results of the present study with the parameters that have been obtained by KIS14 to reproduce the observed Ly-α transit absorption, one can expect that our resulting planetary obstacles and the related stellar wind parameters most likely would not reproduce the observations. If a planetary obstacle with a stand-off distance like that assumed by KIS14 at about 3 Rp is indeed necessary for fitting the Ly-α transit observations, then HD 209458b should likely have a weak intrinsic magnetic field. Table 2 shows the estimated strength of the planetary magnetic moments M necessary to push the planetary obstacle to a distance of about 3 Rp for the stellar wind cases 1 to 5. The effect of the intrinsic planetary magnetic field was estimated just by adding the planetary magnetic pressure term to the pressure balance equation. Because the wind of HD 209458 has likely a non-zero Bw, HD 209458b most likely has an intrinsic magnetic moment with a strength of about 13-22% that of Jupiter's. Our study also shows that accurate modeling of Ly-α transit observations should not neglect intrinsic and induced magnetic fields, as well as the plasma environment in the planet's vicinity.
CONCLUSION
We apply a 3D MHD model to the stellar wind flow around the planetary obstacle of the hot Jupiter HD 209458b, in combination with a hydrodynamic upper atmosphere model. We model the hydrodynamically expanding hydrogen atmosphere due to the absorption of the EUV flux from its host star. In this system, the EUV flux has a rather high intensity, which is more than 200 times larger than that for present Earth. Such EUV flux provides sufficient heating of the upper atmosphere to drive the hydrodynamic outflow of the hydrogen atoms. In addition to EUV heating, we account for dissociation, ionization, and recombination processes and focus only on the aspect of the interaction between the escaping neutral hydrogen atoms and the magnetized stellar wind plasma flow. In particular, we analyzed the effect of a strong enhancement of the stellar wind magnetic field in front of the planetary obstacle and its influence on the total pressure and position of the boundary. Numerical solutions of the stellar wind interaction with an assumed non-magnetic HD 209458b-like planet are obtained for five sets of stellar wind parameters. The results of the MHD simulations indicate that a strong magnetic field piles up in front of the planetary obstacle, where the magnetic pressure dominates the gas pressure of the stellar wind loaded by the ionized planetary particles. An important feature is that the maximum of the total pressure at the stagnation point is much larger than the dynamic pressure of the undisturbed stellar wind. This is due to the strong influence of the induced magnetic field, which can move the planetary obstacle stand-off distance closer towards the planet, as compared to cases where the induced magnetic field is neglected.
This indicates that Ly-α transit observations can give important clues to understand how an exoplanet's upper atmosphere reacts to the stellar wind. Another important effect of the interaction between the stellar wind and the expanding planetary upper atmosphere is the pile-up of ions near the stagnation point due to charge exchange processes. By comparing our results of an assumed nonmagnetic HD 209458b-like exoplanet to the stellar wind parameters and planetary obstacle obtained by KIS14 from the fit to the observed Ly-α transit observations, we find that HD 209458b should likely have an intrinsic magnetic moment of about 13-22% that of Jupiter's. This value is larger than that predicted by KIS14.
An inclination of the IMF relative to the stellar wind flow leads to a strong asymmetry of the flow structure, as well as of the magnetopause position. The total pressure maximum is shifted away from the X-axis, and the minimum distance between the planet and the magnetopause becomes a bit larger. Taking an inclination angle of 45
• , we estimate that an intrinsic planetary magnetic moment of about 2.0 × 10 26 A m −2 is necessary to shift the magnetopause to the distance of about 3Rp, in order to agree with the Ly-α transit observations. Finally, our results show that the atmospheric loss rate of a weakly magnetized HD 209458b-like hot Jupiter is dominated by the EUV-driven hydrodynamic escape of H atoms, which is of the order of about 3.5×10 10 g s −1 , which is about 4.6 times and about 10 times larger than the loss rates of H + ions and suprathermal H atoms, respectively.
